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SUMMARY 31 32
Ever since the seminal findings of Ramon y Cajal, dendritic and axonal morphology has been 33 recognized as a defining feature of neuronal types and their connectivity. Yet our knowledge 34 about the diversity of neuronal morphology, in particular its distant axonal projections, is still 35 extremely limited. To systematically obtain single neuron full morphology on a brain-wide scale 36
in mice, we established a pipeline that encompasses five major components: sparse labeling, 37
whole-brain imaging, reconstruction, registration, and classification. We achieved sparse, robust 38
and consistent fluorescent labeling of a wide range of neuronal types across the mouse brain in 39 an efficient way by combining transgenic or viral Cre delivery with novel transgenic reporter 40 lines, and generated a large set of high-resolution whole-brain fluorescent imaging datasets 41
containing thousands of reconstructable neurons using the fluorescence micro-optical sectioning 42 tomography (fMOST) system. We developed a set of software tools based on the visualization 43 and analysis suite, Vaa3D, for large-volume image data processing and computation-assisted 44 morphological reconstruction. In a proof-of-principle case, we reconstructed full morphologies 45 of 96 neurons from the claustrum and cortex that belong to a single transcriptomically-defined 46 neuronal subclass. We developed a data-driven clustering approach to classify them into multiple 47 morphological and projection types, suggesting that these neurons work in a targeted and 48
coordinated manner to process cortical information. Imaging data and the new computational 49 reconstruction tools are publicly available to enable community-based efforts towards large-scale 50 full morphology reconstruction of neurons throughout the entire mouse brain. 51
INTRODUCTION 54
Like discovering the periodic table of elements in chemistry, and a taxonomy of living species in 55 biology, obtaining an atlas of cell types is fundamental to neuroscience, essential for the 56 understanding of brain function and its dysfunction in diseases. Brain cells, especially neurons, 57 exhibit tremendous diversity across molecular, morphological, physiological, connectional and 58 functional levels. A proper form of classification and creation of a cell type atlas needs to 59 consider and integrate all these distinct cellular properties, obtained from thousands to millions 60 of single cells in a systematic, consistent and comprehensive manner (Zeng and Sanes, 2017) . However, it remains largely unknown how population-level projection patterns are reflected at 77 the single neuron level. Retrograde tracing studies suggest that individual neurons within a brain 78 region often have heterogeneous axonal projection patterns, likely carrying diverse messages in 79 the behaving brain (Minciacchi et al., 1985; Zingg et al., 2018) . Thus, characterizing single 80 neuron axonal projections through reconstruction of complete morphologies will provide critical 81 information about how neural signals are organized and transmitted to their target regions. This 82
knowledge is a critical component of any complete description of neuronal cell types. 83
Despite its importance, information about axonal morphologies is currently lacking for most 84 projection neuron types in mammals, whose axons often cover large distances and are severed in 85 studies based on ex vivo brain slices. Efforts have been made to fully label single neurons with 86 small molecules or fluorescent proteins through in vivo whole-cell patching, ). This is conventionally followed by serial sectioning 90 and imaging of each section, and manual reconstruction of the labeled neurons across many brain 91 sections. Although relatively few such studies exist to date due to the highly laborious process, 92 these studies reveal unique and novel features of specific projection neuron types that likely have 93 important functional implications (Economo et al., 2018; Kita and Kita, 2012) . The recent 94 development of high-throughput and high-resolution fluorescent imaging platforms, such as 95
fMOST (Gong et al., 2016) and MouseLight (Economo et al., 2016) , coupled with more efficient 96 sparse viral labeling strategies, are now enabling large-scale generation of neuronal morphology 97
datasets. These studies also reveal a continued need for further improvements in tools for 98 generating very sparse and strong labeling of single neurons at a brain-wide scale, as well as 99 computational tools to expedite the laborious reconstruction process. 100
For our case study, we chose to reconstruct full morphologies of claustrum projection neurons 101
and their close relatives in the cortex. The claustrum is a small, elongated structure in the cortical 102 subplate, located medial to and beneath lateral cortical areas (e.g., agranular insular cortex), just 103 outside the striatum. electrophysiological study identified two spiny projection neuron subtypes and three aspiny 117
interneuron subtypes in the claustrum, and found that visual cortex, parietal association cortex, 118
and anterior cingulate cortex receive input from the two types of projection neurons in differing 119
proportions (White and Mathur, 2018) . Gene expression studies suggest that claustrum 120 projection neurons bear molecular resemblance to endopiriform nucleus neurons and a group of 121 neurons present in multiple lateral cortical areas, sharing a number of common marker genes 122
(Smith et al., 2018). To better understand the role of the claustrum in regulating cortical function, 123
it is necessary to study the morphology and projection pattern of individual claustrum neurons, 124
and understand how they specifically and cooperatively cover the cortical mantle and their 125 relationship with molecular profiles. 126
We established a systematic pipeline that allows us to label, image, reconstruct and classify 127 single neurons on a brain-wide scale using complete morphology data. Since this remains a 128 highly challenging task for any single group, we make all the imaging data and computational 129 reconstruction tools publicly available. We aim to enable a community-based effort to generate a 130 sufficiently large number, e.g., tens to hundreds of thousands or millions, of full neuronal 131 morphology reconstructions throughout the mouse brain, to facilitate meaningful cell type 132 classification using soma locations, dendrites, and local and long-distance axon morphological 133
features and gain a comprehensive understanding of cell type diversity. Here, we demonstrate 134 proof of principle for this pipeline by reconstructing and classifying full morphologies of 96 135 neurons from the claustrum and cortex. Even with this relatively small set of full reconstructions, 136
we uncovered surprising and striking morphological diversity within the relatively homogeneous 137 molecularly-defined claustral and cortical cell subclass. This intriguing result lends support for 138 the need to approach the cell type classification problem from different perspectives, reconciling 139
and integrating multi-modal information for a unified understanding of cell type. 140
141

RESULTS
142
Sparse, robust and consistent neuronal labeling 144
Previous genetic approaches to achieve sparse or single neuron labeling include viral delivery 145 (e.g., using sindbis virus or AAV) and in vivo electroporation ( have substantial cell-to-cell and animal-to-animal variations, and are usually restricted to few 148 brain regions. To achieve more efficient, widespread and consistently sparse yet strong labeling, 149
we utilized TIGRE2.0 transgenic reporter lines shown to exhibit viral-like transgene expression 150 levels (Daigle et al., 2018) , coupling them with Cre expression from either Cre driver lines or 151 viral Cre delivery. Two general strategies were employed. The first was to use the GFP 152
expressing Ai139 or Ai140 reporter line in conjunction with sparse Cre-mediated recombination 153 ( Fig. 1A) . We used CreERT2 driver lines, and titrated the level of CreERT2-mediated 154 recombination using low-dose tamoxifen induction (Table S1 ). We found optimal doses for 155 sparse labeling in each case by screening for expression using serial two photon tomography 156
(STPT) ( Fig. 1C-E) . Alternatively, to achieve brain-wide sparse labeling, we delivered pSyn-Cre 157 via retroorbital injection of diluted AAV with the PHP.eB serotype (Chan et al., 2017) ( Fig. 1C ).
158
We further tested a combination of TIGRE2.0 (Ai140) and TIGRE1.0 (Ai82) reporter lines, 159
using the tTA2 from a single TIGRE2.0 allele to drive two copies of TRE promoter driven GFP 160 expression cassettes ( Fig. 1A) . We found that this strategy generates even higher level of GFP 161 expression, well suited for fMOST imaging (see below). 162
The second strategy was to use a new TIGRE2.0 line, TIGRE-MORF (also named Ai166; 163
Veldman et al, in submission), which is sparsely activated in conjunction with Cre delivery (Fig.  164  1B) . TIGRE-MORF/Ai166 expresses the MORF gene, which is composed of a farnesylated 165 EGFP (GFPf) preceded by a mononucleotide repeat of 22 guanines (G22-GFPf; Veldman et al, in 166 submission). The GFPf transgene is not translated at the baseline due to the out-of-frame of the 167 G22 repeat relative to the open reading frame of GFPf, which lacks its own translation start 168 codon. However, during DNA replication or repair, rare events of stochastic frameshift of the 169 mononucleotide repeat could result in correction of the translation frame (e.g., G22 to G21) and 170 expression of the GFPf protein in a small subset of the progeny cells. In our companion study 171
(Veldman et al, in submission), TIGRE-MORF and three other MORF mouse lines all exhibit a 172 labeling frequency of 1-5% when they are crossed to different Cre mouse lines. Even with this 173 frequency, we found that combining TIGRE-MORF/Ai166 with many Cre driver lines densely 174 expressing the Cre transgene did not produce sufficient sparsity to readily untangle the axonal 175 ramifications, whereas combining it with Cre lines that are already relatively sparse to begin 176 with, or with CreERT2 lines with intermediate dosing level of tamoxifen (Table S1) , did lead to 177 extremely sparse labeling that is well suited for reconstruction of even very elaborate axonal 178 arborizations of many neuronal types ( Fig. 1F-L We acquired whole brain images with sufficient resolution (~0.3 x 0.3 x 1 m XYZ) for 187 reconstructing fine-caliber axons, using fluorescence micro-optical sectioning tomography 188 (fMOST), a high-throughput, high-resolution, brain-wide fluorescent imaging platform. In this 189 approach, a GFP-labeled brain is first embedded in resin. The resin-embedded GFP fluorescence 190
can be recovered through chemical reactivation (Xiong et al., 2014) provided by adding Na2CO3 191
in the imaging water bath. Thus, a wide-field block-face imaging system can be employed to 192 maximize imaging speed. Following imaging of the entire block-face, the top 1-µm tissue is 193 sliced off by a diamond knife, exposing the next face of the block for imaging. For the entire 194 mouse brain, a 15-20 TB dataset containing ~10,000 coronal planes of 0.2-0.3 µm X-Y 195 resolution and 1 µm Z sampling rate is generated. 196
So far we have generated >46 high-quality fMOST datasets for a number of cortical, thalamic, 197 claustral, striatal, cholinergic, noradrenergic and serotonergic neuronal types ( Table S1 ). It is 198
worth noting that this approach can be extended to any other cell types for which appropriate 199
Cre-dependent labeling methods are available, and we continue to test new Cre lines and other 200
sparse Cre delivery approaches to generate novel fMOST datasets. S1). In the cortex, we imaged neurons suitable for single cell reconstructions from different 205 excitatory projection classes . For example, Cux2-CreERT2;Ai166 labeled the 206 cortical L2/3/4 intratelencephalic (IT) subclasses of excitatory neurons ( Fig. 2A and Movie S1). 207
Plxnd1-CreER;Ai166 labeled the cortical L2/3 and L5 IT subclasses, as well as striatal medium 208 spiny neurons ( Fig. 2C and Movie S2). Fezf2-CreER;Ai166 labeled the cortical L5 pyramidal 209 tract (PT) subclass ( Fig. 2B and Movie S3). Nxph4-T2A-CreERT2;Ai166 labeled the cortical 210
L6b subplate neurons ( Fig. S1A) . We also labeled and imaged cells from the cortical Pvalb+ 211 subclass of inhibitory interneurons, in addition to a subset of L5 PT excitatory neurons, using 212
Pvalb-T2A-CreERT2;Ai166 ( Fig. 2G and Movie S4), and the Sst+ subclass of interneurons 213 using Sst-Cre;Ai166 ( Fig. S1B) . Gnb4-IRES2-CreERT2;Ai140;Ai82 labeled the Car3+ IT 214 subclass of claustral and cortical excitatory neurons ( Fig. 2D and Movie S5, also see below). 215
Several cell types containing neuromodulators were also labeled and imaged, including 216 noradrenergic neurons in the locus ceruleus using Dbh-Cre_KH212;Ai166 ( Fig. 2E) , and 217 serotonergic neurons in the dorsal raphe and brainstem using Slc6a4-CreERT2;Ai166 ( Fig. 2F  218 and Movie S6). Tnnt1-IRES2-CreERT2;Ai140;Ai82 labeled thalamic excitatory projection 219 neurons as well as striatal medium spiny neurons ( Fig. 2H and Movie S7). Vipr2-IRES2-Cre-220 neo;Ai166 also labeled thalamic excitatory projection neurons but with an enrichment in the 221 visual thalamic nucleus, the dorsal lateral geniculate nucleus (LGd), as well as retinal ganglion 222 cells and cortical chandelier cells ( Fig. 2I and Movie S8). Many of these Cre lines also sparsely 223 label other populations of neurons in other parts of the brain, which are not described in detail 224
here. 225
Each of these brains contains ~100-1,000 labeled neurons (Table S1) . Thus, overall, tens of 226 thousands of neurons could be reconstructed from these and additional datasets in the coming 227
years. These datasets are already, or will be made, publicly available under the BRAIN Initiative 228
Cell Census effort (https://biccn.org/) as a unique resource for the community. 229
Even without reconstruction, it is apparent that these neurons display a remarkable array of 230 dendritic and axonal morphologies. Traditionally, it has been a well-known technical challenge 231 to fully visualize very fine axon fibers. But in each example case shown here, the axonal labeling 232 appears to be complete as judged by the visibility of a terminal bouton at the end of each axon 233
fiber (see arrowheads in Fig. 2) . We assess each image series and cell to make sure the labeling 234 fills all the way to an identifiable end. If it doesn't, we don't consider it complete. Specifically, 235
in these sparsely labeled brains, cortical IT and PT neurons not only have main long-range 236 projections but also local axonal branches that are well segregated and clearly identifiable, 237
enabling truly complete reconstruction of the entire local and long-range, cortical and subcortical 238 axonal arborization ( Fig. 2A-C) . L5 PT neurons form the 'driving' type of synapses in the 239 thalamus (Guo et al., 2017; Sherman, 2016) , which can be seen as enlarged and intensely 240 fluorescent boutons ( Fig. 2G) . L6b subplate neurons extend their axons upwards into layer 1 241 (Fig. S1A) . The axons of thalamic projection neurons form dense or dispersed clusters in the 242 cortex ( Fig. 2H-I) . On the other hand, claustral, noradrenergic and serotonergic neurons have 243
widely dispersed, thin axons that are still labeled well ( Fig. 2D-F) . One can also clearly see 244
individual axons in substantia nigra from striatal medium spiny neurons ( Fig. 2C,H) , individual 245 axon terminal clusters in superior colliculus likely from retinal ganglion cells ( Fig. 2I) , as well as 246
the very dense and fine local axonal branches of a variety of cortical and striatal interneurons 247 (e.g., basket cells, chandelier cells, and Martinotti cells) ( Fig. 2G,I and S1B). The consistency 248
and high quality of brain-wide labeling and imaging demonstrates the wide applicability of our 249 approach in studying morphologies of diverse neuronal types throughout the brain. 250
251
Pipeline for image data processing, morphology reconstruction and registration 252
We established a standardized image data processing and whole mouse brain morphology 253 reconstruction process ( Fig. 3) completed as a single tree without breaks, loops, multiple branches from the same point, etc. 268
In parallel, each fMOST dataset was registered to the 3D Allen mouse brain reference atlas, the 269
Common Coordinate Framework (CCFv3, http://atlas.brain-map.org/), using a process 270 specifically designed for fMOST datasets (Fig. S2) to handle the challenges of brain shrinkage 271
and deformation after fixative perfusion and resin embedding, and stripe artifacts due to diamond 272 knife cutting. Following the registration of the whole-brain fluorescent image dataset, all the 273 individual reconstructions from the brain were also registered to the CCF. The registration 274 enables digital anatomical delineation and spatial quantification of each reconstructed 275 morphology and its compartments (e.g., soma, dendrites, axon arbors). Co-registration of 276 multiple brains into the common 3D space allows analysis and comparison of morphological 277
features of neurons across different brains. 278 279
Reconstruction and classification of Gnb4+ claustral and cortical neurons 280
As a proof of principle, we first studied the morphological diversity of neurons labeled in the 281
Gnb4-IRES2-CreERT2 line. Gnb4 is a marker gene that selectively labels neurons in the 282 claustrum, endopiriform nucleus, and a population of neurons in the deep layers of lateral 283 cortical areas (Wang et al., 2017) ( Fig. S3) . Previous population-level axonal projection mapping 284
showed that claustrum neurons predominantly target, and have extensive reciprocal connections 285
with, neocortical and allocortical areas, with particularly strong interconnections with prefrontal 286
and retrohippocampal cortical areas (Wang et al., 2017). We first confirmed that Gnb4-IRES-Cre 287 labeled cells in the claustrum have this same widespread cortical projection pattern, including 288
preferential targeting to prefrontal and medial cortical areas, using bulk labeling with the Cre-289 dependent AAV2/1-pCAG-FLEX-GFP tracer ( Fig. 4A-B ). Gnb4+ cortical neurons were mapped 290 exclusively to the previously described (Tasic et al., 2018) L6 IT Car3 subclass of cortical 291 excitatory neurons by single-cell transcriptomics (see next section below). Similar projection 292 experiments with the same AAV tracer injected in lateral cortical areas (primary or secondary 293 somatosensory cortex) in Gnb4-IRES2-CreERT2 mice, which labeled axons from deep L6 294 neurons, also showed intracortical projections, but with a more restricted, distinct set of targets 295 compared to claustrum projections ( Fig. 4C-E ). Note that these 5 selected datasets all had small, 296
spatially specific, injection sites that were located very close to each other. These small bulk 297
injections demonstrate very distinct projection patterns between claustral and cortical Gnb4+ 298
neurons. 299
To sparsely label claustral and cortical projection neurons, we generated 4 fMOST datasets using 300
the Gnb4-IRES2-CreERT2 line crossed with Ai139 (#236174), Ai140 (#17109), and Ai82;Ai140 301 (#17781 and 17782) ( Fig. 5A and Table S1 ). From these 4 brains, we reconstructed 34 claustrum 302
(CLA) projection neurons and 62 cortical neurons (Table S2) . For most cells, distinguishing 303 CLA and cortical neurons was relatively easy using soma locations. We assigned CLA cell 304 identity based on their soma locations within the claustrum region, whereas the Gnb4+ pyramidal 305 cells (PCs) were found in various cortical regions, largely all in deep layer 6 ("L6PCs"). 306
Following registration to the CCF, the location and spatial distribution of each reconstructed 307 neuron and its dendritic and axonal arbors could be visualized in the 3D reference atlas space. 308
The somata of these neurons spanned the entire 3.2-mm anteroposterior extent of claustrum and 309 a much larger range of lateral cortical areas (Fig. 5A) . The full axonal morphology of each 310 reconstructed neuron is shown in Figure S4 for CLA cells and Figure S5 for L6PCs. It is 311
important to note that all these neurons projected exclusively into the cortex. None had axon 312 projections into the striatum, demonstrating a major difference between these Gnb4+ claustral 313
and cortical neurons and other types of corticocortical IT neurons which also have axon 314 collaterals projecting to the striatum (Harris and Shepherd, 2015) . 315
The dendrites of CLA cells and L6PCs were visually and quantitatively distinguishable from 316 each other based on several features (Fig. 5B) . The dendrites of CLA cells were very flat, with 317 more extended processes along the anteroposterior axis and the thinnest dimension in the 318 mediolateral axis, in keeping with the shape of claustrum and embedded in the axon bundle of 319
CLA cells traversing through the claustrum. The dendrites of L6PCs were more extended 320 compared with the CLA dendrites, although they were also relatively flattened at a plane parallel 321
to the white matter. They rarely had a typical apical dendrite extending vertically towards pia, 322 rather, their "apical" dendrite as defined by branching at the highest order was often obliquely or 323 horizontally oriented, parallel to the white matter. In addition, the L6PCs often had a big basal 324 dendrite, resembling the bitufted PCs in layer 6a, a pyramidal cell type having claustral 325
projections (Wang et al., 2018; Zhang and Deschenes, 1997). Quantitative analyses of dendritic 326
features confirmed that L6PCs had significantly greater depth and depth-to-width ratio, but 327 smaller number of branches, compared to CLA cells ( Fig. 5B and Table S3 ). 328
The axons of CLA cells and L6PCs also had distinct features both globally and locally ( Fig. 5C,  329 S4, S5 and Table S3 ). Quantitative analyses of the entire axonal arbors showed that CLA cells 330 had significantly greater scale (width and height), Euclidean distance and path distance to soma. 331
The axons of CLA cells emerged from the somata with no or only a couple of local collaterals, 332
and typically bifurcated proximally into a few major, thick axon stems which often projected in 333 opposite directions (forward and backward) and traveled through the claustrum in parallel to the 334 white matter. On the other hand, L6PCs had significantly more elaborate local axon branches 335
forming a cluster around the soma, and projected to one or multiple target cortical areas. The 336 differences in both dendritic and axonal morphologies suggest that the claustral and cortical 337
Gnb4+ neurons are distinct. 338
We first classified cells based on expert manual annotation of axonal projection patterns ( Fig. 6) . 339 The CLA neurons can be classified into a total of 4 types, including 2 major types and 2 subtypes 340 within each major type ( Fig. 6A) . CLA type I cells (CLA_I) preferentially project to midline 341 cortical areas. CLA type II cells (CLA_II) have distal, lateral cortical projections, avoiding the 342 midline cortical areas. Within each major type, neurons were grouped into an ipsilateral-only 343
projecting subtype (CLA_I-ipsi and CLA_II-ipsi) and a bilateral projecting (to both ipsilateral 344 and contralateral hemispheres) subtype (CLA_I-bi and CLA_II-bi). Most of the reconstructed 345
CLA cells belonged to the CLA_I types. CLA_II-bi appeared to be rare among different CLA 346 types. 347
We also observed that projection patterns were topographically organized from anterior to 348 posterior claustrum within individual types (Fig. 6C) . The somata of CLA_I-ipsi cells were 349 distributed through the full length of the claustrum, while those of other types were located 350 mostly at the anterior and middle parts of the claustrum. The CLA_I-ipsi cells located in the 351
anterior claustrum typically extended their axons from anterior to posterior midline cortical 352
areas. The CLA_I-ipsi cells located in the middle claustrum typically formed a tighter axon 353 cluster only in the anterior half of midline cortical areas, with an intense innervation to the 354 prelimbic (PL) and frontal pole (FRP) areas. They also more frequently projected backward to 355 entorhinal (ENT) and perirhinal (PERI) areas forming an axon cluster there. Remarkably, 356
individual axons of the CLA_I-ipsi cells located in the posterior claustrum were found to wrap 357 around the entire ipsilateral cortex (not forming a loop though), and hence named "crown of 358 thorns" neurons. Those cells often formed axon clusters in ENT, PL and visual cortical areas in 359 addition to a cluster in the midline of cortex. CLA_I-bi cells projected bilaterally forming an 360 axon cluster on each side of the midline cortical areas. Typically, the two axon clusters on two 361 sides were asymmetrical, predominant in the ipsilateral hemisphere. Those CLA_I-bi cells 362
located relatively anteriorly often projected to ENT, PL and somatosensory cortical areas. Those 363 from more middle locations had asymmetrical axon clusters along midline of both hemispheres 364 but limited projections to other cortical areas. 365
Similarly, the cortical L6PCs were also manually classified into two types, ipsilateral-only 366 projecting (PC_ipsi) and bilateral projecting (PC_bi) (Fig. 6B) . The PC_ipsi type usually had 367 their axonal projections in different cortical areas (within the same hemisphere) from their soma 368 location, whereas the PC_bi type usually had their axonal projections in the homotypic cortical 369 area on the contralateral hemisphere, forming two largely symmetrical axon clusters on both 370 sides. For the latter type, occasionally additional projections were formed in other cortical areas 371
in the ipsilateral hemisphere. Quantitative analysis showed that PC_ipsi cells had significantly 372 greater numbers of axon branching nodes, ends, segments, and total length. Thus, compared to 373
PC_bi, PC_ipsi had more complex axonal arborizations. Even though we only manually divided 374
L6PCs into 2 morphological types, we observed an even greater degree of topographic diversity 375 of axon projection patterns from anterior to posterior cortical areas for both ipsilateral and 376 bilateral projecting types ( Fig. 6D) . 377
We next established a data-driven clustering-based morphology classification approach. 378
Clustering analysis (see Methods) was performed using four feature sets: projection pattern 379 (Table S4) , soma location (Table S2) , axon morphology and dendrite morphology ( Table S3) . A 380 total of 14 morphological clusters were identified, containing 30 CLA and 52 L6PC neurons 381 (Fig. 7A,B and Fig. S6-S7) . A total of 14 cells were excluded by outlier removal because they 382
were each morphologically unique to themselves due to the small sample size, see Methods. We 383
found that the segregation of the clusters was mainly driven by their projection targets ( Fig. 7B  384 and S6). These clusters generally corresponded well with the manually classified morphological 385 types ( Fig. 7A-C) , and further enabled subdivision of the neurons based on their specific 386 projection targets ( Fig. 7D-F) . We calculated the total number of projection targets (ipsilateral 387
and contralateral targets counted separately) contacted by each neuron using two different 388
thresholds to label a region as "targeted", a minimum of 1,000 µm of axon length (same as the 389 threshold used in a previous study, (Han et al., 2018) ) or a minimum of 1 axon terminal (a more 390 stringent threshold to minimize contribution from passing fibers) (Fig. 7E) . The median total 391 number of projection targets is 29 or 21 for CLA neurons and 18 or 12 for L6PCs, in either case 392 substantially greater than that reported previously for primary visual cortex L2/3 IT neurons 393 (Han et al., 2018) . 394
L6PCs were assigned to a larger number of clusters. Clusters 7, 10, 11, 12 and 13 belonged to the 395 PC-ipsilateral group (Fig. 7F) . Clusters 5, 6 and 14 belonged to the PC-bilateral group. The 396 clusters were arranged topographically from anterior to posterior cortex based on both soma 397 location and projection target specificity, in other words, each cluster contained a group of 398 neurons that were located close to each other and projected to similar cortical target areas. This is 399 consistent with the above observation from manual classification even though only two 400 morphological types were defined manually. Thus, both manual and computational approaches 401 identify extensive diversity of L6PC neuronal morphologies and projections. 402
Clusters 1, 2, 3 and 8 belonged to the CLA-ipsilateral group, in which cluster 1 was lateral-403
projecting and clusters 2, 3 and 8 were midline-projecting (Fig. 7F) . These computationally 404 derived clusters also revealed topographical projection patterns consistent with observations 405 made in the above manual classification. Cluster 4 contained CLA-bilateral midline-projecting 406 cells. Cluster 9 contained a mixture of CLA cells and L6PCs, as they showed highly similar axon 407 projection features and soma locations. This cluster had preferential projection to the FRP and 408
ORBl areas on the ipsilateral side. 409
Taken together, the morphological features of fully reconstructed claustral neurons and L6PCs 410
suggest that long-range axonal projections vary according to soma locations, indicative of a 411 topographic organization of structural connectivity networks in claustrum and cortex. 412 413 Classification of Car3 (Gnb4+) subclass of claustral and cortical neurons by single-cell 414
RNA-sequencing 415 We previously established a standardized single-cell RNA-sequencing (scRNA-seq) pipeline 416
using the SMART-Seq v4 method to profile cells isolated from various brain regions (Tasic et  417 al., 2018). Here, we analyzed 1062 cells isolated from claustrum and overlying cortical areas of 418
Gnb4-IRES2-CreERT2;Ai140 and Gnb4-IRES2-CreERT2;Ai82;Ai140 mice by fluorescence 419 activated cell sorting (FACS). We performed a large-scale co-clustering analysis by combining 420
the scRNA-seq data from these cells and ~74,000 other cortical and hippocampal cells using our 421 established analysis procedure and criteria . Out of ~290 clusters, we found 422 one major branch at the subclass level that contains nearly all the claustral and cortical neurons 423 isolated from the Gnb4-IRES2-CreERT2;Ai140 and Gnb4-IRES2-CreERT2;Ai82;Ai140 mice 424 (Fig. 8A) . This subclass expresses a unique marker gene Car3 and contains all the cortical 425 neurons previously identified from our VISp-ALM single-cell transcriptomic study that belonged 426
to the L6 IT Car3 subclass of glutamatergic excitatory neurons. In addition, this subclass also 427 contains neurons from several other lateral cortical areas including agranular insular cortex (AI), 428
supplementary somatosensory cortex (SSs) and temporal cortex (TEa) that were isolated from 429
various Cre lines including Slc7a7-IRES2-Cre, Cux2-CreERT2 and Esr2-IRES2-Cre. Since this 430 subclass contains both cortical and claustral neurons, we now rename it as the Car3 subclass 431
(dropping the specific reference to cortical L6 and IT in ). 432
This Car3 subclass branch (total 1,997 cells) consists of one major cluster that contains 1,206 433 cells from both claustrum and cortex, plus six additional minor clusters (15-236 cells each) ( Fig.  434  8A) . As shown in the tSNE plot ( Fig. 8A lower right panel) , the claustral and cortical neurons 435
are intermingled together in the major cluster, whereas one of the minor clusters, Car3 TEa-436 PERI-ECT_GU Hgf, contains mostly cells from TEa. The co-clustering of claustral and cortical 437
Car3+ Gnb4+ neurons suggests that they are highly related to each other, possibly reflecting a 438 common developmental origin. 439
In an attempt to link molecular identities with the morphological diversity described above, we 440
performed Retro-seq (Tasic et al., 2018) on cells isolated from claustrum and several cortical 441 areas (i.e., SSs, VISp, AI and TEa) that were labeled by retrograde tracers injected into medial 442 (e.g., anterior cingulate area, ACA) or lateral cortical areas (e.g., lateral orbital area, ORBl, or 443 posterolateral visual area, VISpl). Cells were isolated from both hemispheres -ipsilateral or 444
contralateral to the injection site. These Retro-seq cells were included in the above large-scale 445
clustering analysis together with all other cells. 446
To try to better resolve subtle differences between cells with different projectional and 447 morphological properties and thus uncover potential molecular correlates of the morphological 448 diversity, we then re-clustered the Car3 subclass cells (1,997 cells total, 298 of which from 449
Retro-seq, all cells contributing to this clustering analysis are described in Table S5 ) with a more 450 relaxed statistical criterion (see Methods). This approach resulted in 19 clusters that belonged to 451 5 main branches (Fig. 8B) . As seen in the cell distribution across different areas below the 452 dendrogram and in the tSNE plots ( Fig. 8B,C) , these clusters were quite continuous. There was 453 no clear separation between CLA and cortical Car3 neurons. There was even a certain degree of 454 segregation driven by Cre driver lines (i.e., cells isolated from the same regions but different Cre 455 lines were segregated by Cre lines, Fig. 8B rightmost panel in comparison with Fig. 8C leftmost  456 panel). Thus, we intentionally reached a level of cluster resolution high enough to even detect 457 technical variations in order to search for gene expression correlates of morphological diversity. 458
We then focused on the cluster distribution of Car3 Retro-seq cells. We found that, even under 459 such relaxed clustering conditions, CLA and cortical cells projecting to various cortical areas, 460
ACA, ORBl or VISpl, were located closely together with no clear segregation ( Fig. 8C middle  461 panel). Furthermore, even though there were only a few Car3 Retro-seq cells (14 cells) isolated 462 from the contralateral side of the tracer injection sites, they were completely intermingled with 463
Car3 Retro-seq cells isolated from the ipsilateral side (284 cells) of the injection sites ( Fig. 8C  464 right panel), suggesting that ipsilateral-and bilateral-projecting cells were also molecularly 465 indistinguishable using the current criteria. 466
Thus, our study reveals striking morphological diversity within the molecularly defined cortical To fully understand the morphological and projectional specificity of neurons across the brain, it 472
is generally expected that a large number, likely in the range of hundreds of thousands to 473 millions, of neurons will need to be examined. Approaches such as MAPseq (Kebschull et al., 474 2016) can be used to quickly survey projection specificity at the regional level for many neurons 475 in a high throughput manner. However, many essential details can only be obtained through full 476 morphological reconstruction. Collecting such ground truth data will provide an invaluable 477 opportunity to uncover principles of neuronal diversity and brain circuit organization, and inform 478 us how functional studies should be conducted. To do this, a systematic and reproducible 479 technology platform needs to be established. Here we report our effort in setting up such a 480 platform that can be applied to potentially any neuronal type in any part of the mouse brain. 481
Our labeling strategy using stable and universal transgenic reporter mouse lines coupled with a 482 variety of sparse Cre delivery methods has several advantages. First, we showed that the 483 TIGRE2.0-based transgenic reporter lines, especially Ai166 which expresses a farnesylated GFP, 484 produce very bright GFP labeling of axon fibers under fMOST imaging, revealing numerous 485
terminal boutons, an essential requirement for obtaining truly complete, full morphologies. 486
Second, this strategy enables sparse labeling across multiple regions within the same brain, 487
improving efficiency compared to other methods (e.g., in vivo electroporation or stereotaxic 488 virus injection). Third, the labeling is highly consistent from cell to cell, cell type to cell type, 489 region to region, and brain to brain, reducing variability often seen in other methods and creating 490 a truly reproducible platform. Finally, sparse Cre recombination can be achieved through the use 491 of transgenic Cre or CreERT2 driver lines labeling any neuronal type, or low-dose Cre viral 492 vectors delivered through either local or systemic (e.g., retroorbital) injections. In the future, 493
sparse intersectional reporter lines like Ai166 can be developed, and their use in combination 494
with dual driver lines can further enhance cell type targeting specificity and/or flexibility. 495
Development of novel and accessible software tools are also essential for reconstruction 496 efficiency. The enhanced Vaa3D-based reconstruction toolkit streamlines large-volume image 497
data processing and computation-assisted manual reconstruction. We have developed a pipeline 498 of tools to facilitate this process. Given the generally rapid progress in algorithm and software 499 development, abundant opportunities also exist to develop even more tools to expedite the 500 reconstruction process. The registration of the fMOST whole-brain datasets to the CCF allows 501 quantification of projection strength in each target region across the entire brain for each neuron, 502
and subsequent clustering analysis to identify the similarities and differences between neurons 503
and to group them into types. The high signal intensity and low background in the fMOST 504 fluorescent datasets allows the generation of high-quality reconstructions. In the future, with the 505 accumulation of an increasingly larger set of reconstructed full morphologies, these can be used 506
as training datasets to develop machine learning-based automatic reconstruction algorithms that 507
have the potential to dramatically increase the throughput of reconstruction. 508
We are making all the fMOST imaging data publicly available through the BRAIN Cell Data 509
Center (BCDC), and Vaa3D-based computational reconstruction tools are open-source. Our hope 510
is that this will enable a community-based effort to collectively generate a sufficiently large 511 number of full neuronal morphology reconstructions throughout the mouse brain, to facilitate a 512 comprehensive understanding of the diversity and specificity of local and long-range 513 connectivity at the single cell level across different neural circuits. 514
In a proof-of-principle case, we reconstructed the full morphologies of 96 neurons from the 515 claustrum and cortex that belong to a single transcriptomically defined neuronal subclass, the 516
Car3 subclass. We first found that both the dendritic morphology and the axonal projection target 517
fields are substantially different between claustral and cortical Car3/Gnb4 neurons. Claustral 518
neurons have significantly flatter dendritic arborizations than cortical Car3 neurons. Both types 519 of neurons can be further divided into ipsilateral projecting only and bilateral projecting subtypes 520 according to their axonal targets. Claustral neuron axons of the ipsilateral types travel over long 521
distances mainly targeting distal cortical regions such as prefrontal and retrohippocampal cortical 522 areas, whereas cortical Car3 neurons mainly target cortical regions around soma and project to 523 other regions usually closer than CLA axons project. Claustral neuron axons of the bilateral 524 types typically form asymmetrical clusters between the two hemispheres, while Car3 neurons 525 typically form symmetrical clusters on both sides. We found that claustral neurons exhibit further 526 diversity based on each neuron's unique axonal projection pattern. They can be grouped into 527 medially projecting and laterally projecting subtypes. These two subtypes are intermingled 528 together at the anterior and middle parts of the claustrum. But those CLA cells reconstructed 529
from the posterior claustrum all belong to the medially projecting subtype, which we called 530 "crown of thorns" neurons because their axons wrap around the entire ipsilateral cortex. There is 531 also topographic variation of projection target fields along the anteroposterior axis among CLA. 532
Collectively they cover almost the entire cortical surface, with particularly dense axonal 533 projections into the medial and lateral prefrontal cortex and retrohippocampal cortex. Overall, we 534 suggest that they work in a targeted and coordinated manner to affect cortical function. The 535 cortical Car3 neurons exhibit an even greater degree of topographical specificity, with both 536 source and target region-specific projection patterns. 537
In contrast to the morphological diversity, we observed very modest difference in single-cell 538 transcriptomics among claustral neurons and cortical Car3 neurons coming from different 539 cortical areas, even under more relaxed clustering conditions. The large diversity of axonal 540 morphologies and projection patterns observed from less than 100 fully reconstructed neurons 541 from a transcriptomically relatively homogeneous cell population is striking. It underscores the 542 necessity of scaling up the full neuronal morphology characterization effort to thousands to 543 millions of neurons across all neural circuits and pathways to gain a true understanding of the 544 extent of such diversity. Such knowledge is foundational for the understanding of brain 545 connectivity and function. A critical bottleneck in this effort is the slow process of morphology 546
reconstruction, a problem we believe is solvable using advanced computational approaches on 547
high-quality imaging data. 548
The apparent lack of correlation between transcriptomic and morphological profiles in the Car3 549 subclass of neurons at the current stage is also intriguing. It is possible that the current 550 unsupervised clustering approach is insufficient to uncover the genes specifically relevant to 551 morphology out of the overall gene expression variations. Alternatively, it is also possible that 552 morphological/connectional specificity is established during circuit development and its gene 553 expression correlate might also exist only at that time. In either case, the result emphasizes the 554
importance to perform single cell characterization in multiple modalities and take an integrated 555 approach to describe and classify cell types in an unbiased and comprehensive manner. For 556 example, in this case, the cell type classification needs to incorporate both types of information 557 that has been independently obtained. One classification scheme could be constructed with the 558 major branch (first order) being the Car3 molecular subclass, the second order branches being 559 the claustral and cortical divide, and the terminal leaves being the morphological subtypes with 560 different projection patterns. More morphology reconstructions of these neurons will be needed 561
to consolidate the terminal leaves, which might become clearer discrete types or a continuum. In 562 the future, it will be important to develop methods that allow full morphology reconstruction and 563
gene expression profiling to be conducted in the same cell, and apply them to the study of single 564 cells in both adult stage and during brain development, so that potential molecular correlates of 565 morphological/connectional features can be identified. This and other approaches together will 566 ultimately lead to an integrated understanding of the extraordinary cellular diversity in the brain 567 that underlies brain function. 568
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Brain Project. The authors wish to thank the Allen Institute founder, Paul G. Allen, for his 579 vision, encouragement, and support. shown in Table S1 . Images shown are 100-µm maximum intensity projection (MIP) images (i.e., projected from 100 806 consecutive 1-µm image planes). Arrowheads indicate observed terminal boutons at the end of 807 the axon segments. Tamoxifen doses are shown in Table S1 . 808 (A) Cortical L2/3 IT neurons and their extensive local axon collaterals clearly labeled in a Cux2-809
CreERT2;Ai166 brain. 810 Coordinate Framework (CCF) and analysis.
834
A complete fMOST image dataset is first converted to TereFly file format by TeraConverter, the 835 data formatting tool in TeraFly (Bria et al., 2016) . Then annotators work in the TeraVR 836
annotation system (Wang et al., bioRxiv preprint https://doi.org/10.1101/621011, 2018) to 837 reconstruct the full morphology of each neuron. In parallel, the whole brain image dataset is 838 registered to CCF using BrainAligner (Peng et al., 2011) , first using RLM, the Reliable-839
Landmark-Matching module of BrainAligner, then LQM, the Little-Quick-Warp module of 840
BrainAligner. Following registration of the image dataset, all the reconstructed morphologies 841 from the same brain are also registered for subsequent visualization and quantitative analysis. 
METHOD DETAILS 960
For the acronyms and full names of all brain regions mentioned, see the CCFv3 ontology 961 tab of Table S4 . 962 963 Transgenic mice 964
All transgenic crosses are listed in Table S1 . Data for systematic characterization of the 965 expression pattern of each transgenic mouse line can be found in the AIBS Transgenic 966
Characterization database (http://connectivity.brain-map.org/transgenic/search/basic). 967
Induction of CreERT2 driver lines was done by administration via oral gavage (PO) of tamoxifen 968
(50 mg/ml in corn oil) at original (0.2 mg/g body weight) or reduced dose for one day in an adult 969 mouse. The dosage for mice age P7-P15 is 0.04 ml. Mice can be used for experiments at 2 or 970 more weeks after tamoxifen dosing. Specific dose of tamoxifen to induce sparse labeling in each 971
CreERT2 driver line is shown in Table S1 . 972
Brain-wide delivery of low-dose Cre-expressing AAV-PHP.eB virus was achieved by retro-973 orbital injection using a previously described technique (Yardeni et al., 2011 Table S1 . Transgenic mice used for the generation of fMOST imaging datasets, including main 1222 metadata information and tamoxifen dosing (see Methods) for sparse labeling. 1223 Table S2 . List of reconstructed CLA cells and L6PCs, with each neuron's soma location 3D 1224
coordinates after registration to CCF. 1225 Table S3 . Dendritic and axonal morphological features -quantitative values for each neuron. 1226 Table S4 . Single neuron projection matrix used for clustering analysis. In a separate tab, a 1227 complete list of all "Summary Structures" in CCFv3 ontology is shown, with the full name and 1228 acronym for each structure/region. 1229   Table S5 . The 1,997 Car3 IT subclass cells for scRNA-seq analysis, with relevant metadata 1230
including retrograde labeling informatoin. 
